Green roofs produce many environmental benefits, since they can both mitigate the heat island effect and improve the energy efficiency in buildings. In particular, the Italian building stock built before Seventies (around 58%) is characterized by a lack of thermal insulation on the roof surfaces, so the application of a green roof can be an opportunity to enhance the energy performance of those buildings. In this study, the authors investigate the thermal behavior of a prototype of extensive green roof installed on a terraced building placed in the Mediterranean area, both through experimental measurements and dynamic simulations. The aim is to assess the feasibility and performance of this solution during the summer period. The results of the simulations indicate a strong reduction in the peak outer surface temperature if compared to the existing roof, as well a significant decrease in temperature fluctuations. The results also allowed to assess the reliability of the simulations, if compared to experimental data. The model of the green roof proved to be sufficiently reliable, even if some minor improvements may be expected.
INTRODUCTION
The effects of global warming and climate change are becoming relevant for the environment and the human activities, also in the Mediterranean area. The average increase in the global air temperature by 2 °C is a critical limit by 2030 beyond, whose dangerous natural consequence must be avoided [1] . In this sense, a main factor to be considered is the high rate of energy consumption in residential and commercial buildings, which is between 30 % and 50 % of the worldwide total annual energy consumption, as well as the increase in the urban sprawl [2] .
In particular, the optimization of existing buildings that require high electricity consumption during summer has become a key issue to decrease global energy demand [3] . This topic is of special interest in the Mediterranean basin, where a particularly sharp increase of the energy needs for cooling has been registered [4] .
Since roof surface of the buildings is about 20 -25 % of the total urban surfaces, particular attention must be paid to these surfaces in order to reduce the air and surface temperature in urban areas [5] . Thereby new solutions for roof systems in existing or new buildings, such as green roofs, play an important role in both increasing building energy performance and in mitigating local climate phenomena typical of dense urban contexts, such as Urban Heat Island (UHI) effect [6 -9] .
Green roofs, also named "eco-roofs" or "roof gardens", are those roof systems, which have vegetation and growing medium as the outermost layer [10] . In particular, extensive green roofs are suitable for building retrofitting because they do not require any additional strengthening, thanks to their low additional loads [11] .
They can provide an effective contribution to the solution of several environmental problems, both at a building and a urban scale, thanks to the vegetation effect. In addition, green roofs offer several benefits in comparison to standard roofs, because they improve storm water management [12, 13] as well as reduce air pollution [9, 14] and noise [15] . Furthermore, they increase the vegetable and animal biodiversity in cities [16, 17] , and they reduce carbon dioxide to oxygen through photosynthesis process [14, 18] . Green roofs improve the duration of roofing membranes because they limit the thermal stress on the outer surfaces [19 -21] . Finally, green roofs are often pointed at as an efficient technology to reduce the direct influence of solar radiation, together with indoor and outdoor surface temperature fluctuations [22] .
Climatic conditions play an important role in the performance of green roofs. It can be noted that in the contexts where the humidity level is high during most of the year, the evapotranspiration rate and cooling capabilities are reduced [23] .
A fundamental parameter in green roofs is the leaf area index (LAI), i.e. the total one-sided area of photosynthetic tissue per unit ground surface area [24] . Hence, the higher the LAI the denser the vegetation used in the green roof, and the higher the fraction of roof surface directly covered by at least one leaf. As a general rule, the higher the LAI, the lower the outer roof surface temperature and the cooling demand. However, a high LAI also increases the heating demand because of increased transpiration and solar shading by the foliage [25, 26] . It was found that a high value of the LAI decreases the canopy air temperature, stabilizes its fluctuation and reduces the flux through the roof [27 -29] .
Several studies have also shown that the green roofs are characterized by peaks of outer surface temperatures ranging from 34 °C to 39 °C, whereas in the same conditions standard roofs would reach peak temperatures between 50 °C and 57 °C [23, 30 -33] . As regards the inner surface temperature, in some studies, the green roof showed a peak value of about 26 °C; this is significantly lower than conventional roofs, whose inner surface temperature may even reach 33 °C [23, 28, 30, 31] . Moreover, thermal mass is an important property of the green roofs because it contributes to the absorption of large amounts of heat, while attenuating and delaying the heat transfer from the outdoors to the indoor surface. This contribution is mainly due to the surface mass of the substrate, which acts as a natural heat sink [23, 33 -34] . This effect decreases the daily temperature fluctuations for from 37.2 °C (standard roofs) to 17 °C , while increasing the time lag of the roof from 8 hours to 10 hours [23] .
This study aims at investigating the thermal behavior of a prototype of green roof installed on an existing building in Catania, a city of Southern Italy. This was done in order to assess the thermal benefits that an extensive green roof can provide on the scale in the Mediterranean Area.
The results refer to a warm week in summer; a comparison was carried out between experimental measurements and simulations for both a conventional and the green roof, thus evaluating the reliability and the limits of the numerical model implemented in the software tool DesignBuilder [35] .
METHODOLOGY
This paper investigates the thermal behavior of an extensive green roof both through experimental measurements and by means of dynamic simulations.
To this aim, a prototype of an extensive green roof was installed on the building n. 13 of the Industrial Engineering Department at the University of Catania. This choice is made because on the roof of this building a weather station has already been installed, which has allowed to monitor in real time all meteorological data necessary for carrying out a correct thermal analysis of the prototype.
To this aim, a thermal monitoring system was used to measure the outdoor surface temperature of the green roof and that of the existing standard roof terrace. In this way, we were also able to evaluate the different thermal behavior between a green roof and a standard roof in Mediterranean climate. The measurements were performed in summer 2015, from the 27 th of July to the 24 th of August; in particular, the study focuses on the warmest week, occurring from the 28 th of July to the 4 th of August. Afterwards, a model for the dynamic thermal simulation of both the prototype of green roof and the existing roof was implemented in the software tool DesignBuilder. The results of the simulation were compared to the experimental results of the survey, in order to calibrate and validate the numerical model. In addition, the simulation of the dynamic thermal behavior allowed to assess the variation of outer and inner surface temperature for both roof solutions in free running conditions (without ACs), thus calculating the Time Lag and Decrement factors.
Experimental campaign
The flux meter "Thermozig Plus Wireless" was used to measure the outer surface temperatures. To this aim, two thermocouples Pt100 were placed, respectively on the outer surface of the green roof substrate and on the existing roof terrace. The resolution of the sensors is 0.01 °C, with an uncertainty of 0.15 °C. The data were stored on a computer with a sampling time of 10 minutes, from the 27 th of July 2015 to the 24 th of August 2015. In the same time, the weather station "Babuc -LSI Lastem" placed near the prototype was able to measure solar radiation, air temperature and humidity. The sensors have the following features:
 wind speed and wind direction: measurement range = 0÷50 m s 
Modelling for simulations
After the experimental campaign, the existing roof and the prototype of green roof were modeled in the software tool DesignBuilder. DesignBuilder is a three-dimensional modelling and energy simulation tool, which is able to perform dynamic thermal simulations. The simulation engine EnergyPlus [37] , integrated within DesignBuilder, runs all the necessary calculations related to the building energy model (BEM) and reports the results within the DesignBuilder interface.
In the simulations, the two roof solutions have been implemented according to their actual stratigraphy, described in Section 3. In particular, the green roof was modeled adding to the existing roof the stratigraphy of the prototype.
For simulation purposes, the roofs were applied to two sample rooms that measure 5 m × 5 m in width, and 3 m in height. Since the aim of the simulations is to investigate the roof performance in terms of surface temperatures, while no information is collected about the indoor conditions, considerable simplifications were introduced to describe the test room. In particular, the room is considered not occupied, it does not contain any internal gain and no space heating or cooling systems are available. Moreover, the external walls and the ground floor were assumed as being adiabatic, so that thermal fluxes are only exchanged through the roof.
The solution method for the temperature distribution in the walls is the Conduction Transfer Function. The time step used for simulations is one minute. As concerns the calculation of the convective heat transfer coefficients for the roof surfaces, which is particularly relevant in this study, the TARP model and the ClearRoof model were selected, respectively for the inner and the outer surface.
All weather data used in the weather file correspond to those actually measured by the weather station. This allows to test more precisely the accuracy and sensitivity of the model. Actually, the weather file in DesignBuilder does not contain information about precipitation. However, no rainfall occurred during the measurement campaign described in this paper.
Thermal inertia parameters
It is well known that the energy performance of buildings depends strongly on the thermal inertia of the building envelope components. In particular, high thermal mass and heat capacity contribute to attenuate and delay the peaks in the cooling load [38] .
The time lag (TL) and the decrement factor (DF) are the two parameters widely used for characterizing the thermal inertia and heat storage capability of buildings. The Time lag (TL) is measured by the difference between the times when the maximum outer and inner surface temperatures occur:
On the other hand, the decrement factor (DF) can be defined as the ratio of the amplitude of the inner surface temperature fluctuations to the amplitude of the outer surface temperature fluctuations:
In this work, these two indexes are used to characterize the thermal behavior of the prototype of green roof compared to the standard roof, and to evaluate the beneficial effect for improving the indoor wellbeing conditions.
CASE STUDY
The prototype of an extensive green roof was installed on the existing roof of the building n.13 of the Industrial Engineering Department at the University of Catania (lat. 37°30' N, long. 15°04' E). The city, located in Southern Italy, is characterized by 833 heating degree-days in winter and 2674 cooling degree-days in summer, defined relative to a base outdoor temperature of 12°C and 24°C , respectively.
Generally, this city has a mild climate with hot, dry summers and moderately cool, wet winters. In summer months, the average outdoor temperature ranges from 23 °C to 35 °C , with peaks of 39 °C when the hot winds blow from North Africa. In winter, the outdoor temperature varies from 5 °C to 15 °C, while in spring and autumn the climate is very mild and the temperatures vary from 10 °C to 28 °C.
The meteorological data recorded by the weather station from the 27 th of July to the 27 th of August 2015 point out that a typical summer daytime is also characterized by high solar irradiance. On average, the solar irradiance on the horizontal surface attains around 800 W m -2 , associated with an average outdoor temperature as high 28.8 °C, relative humidity of 60 % and wind speed of 3.7 m s -1 . No rainfall occurred during the measurement campaign described in this paper.
Existing roof
The prototype realized for experimental measurements was placed on the existing roof terrace. The roof is built in reinforced concrete with a thickness of 60 cm. The outer surface of the roof is coated by a pavement of clay shingles, characterized by solar absorptance α = 0.60 and thermal emissivity ε = 0.90. All the layers of the roof and their thermo-physical properties are reported in Table 1 
Prototype of green roof
The prototype is composed by two boxes of 1 × 1 m with a height of 25 cm. It stratigraphy includes a drainage layer, a filter layer, growing medium and a vegetation layer. Figure 2 reports some pictures of the prototype. In particular, Figure 2 .
The substrate is a porous soil composed by a mixture of peat, pumice, mineral aggregates and other soil granules. Evergreen and succulent plants, which require minimum maintenance, constitute the vegetation layer. In particular, we have adopted evergreen plants named "Felicia Amelloides" and "Lantana Camara", and the succulent typology "Lampranthus". These plants grow across the ground rather that upwards, thus offering good coverage and protection to the roof membrane. Moreover, they are capable to store water in their leaves making them highly resistant to drought.
During the period of monitoring of the prototype, the plants had an average measured height of 35 cm. The prototype was finally equipped with a drip irrigation system which was switched on every day of the week from 09:00 to 09:10 in the morning and from 16:00 to 16:10 in the afternoon. The same schedule of irrigation was set in the simulations; the water flow rate used for irrigation purposes is assessed as 20 mm per hour. The same schedule of irrigation was set in the simulations; the water flow rate used for irrigation purposes is assessed as 20 mm per hour. Figure 3 and Table 2 show the stratigraphy of the prototype of the extensive green roof installed on the existing terrace. According to these data, the extensive green roof has a U-value = 1.03 W m -2 K -1 , a thermal resistance R = 0.97 m 2 K W -1 and a surface mass SM = 744 kg m -2 . These data do not include the vegetation layer.
Main properties of the green roof
The substrate is a thin layer (15 cm) of cultivated peat soil with 91% porosity, whose initial and residual moisture content is set to 0.50 and 0.08 m -3 · m -3 , respectively [39] . The thermo-physical properties of the substrate layer are shown in Table 3 . The geometric data and thermo-physical properties of the foliage were estimated through an accurate literature survey, and are reported in Table 4 [23, 40] . In particular, the leaf area index has been set to LAI = 5, which is a quite high value for extensive roofs. However, this choice is justified by the intense growth of the plants during the period of measurement, when the substrate was almost entirely covered by the foliage.
The high saturation moisture content of the terrain (θsat = 0.70 m 3 m -3 ) is typical of a very porous terrain like the one adopted in the prototype [39] . Moreover, the choice of a relatively high initial moisture content (θsat = 0.50 m -3 m -3 ) is coherent with the fact that the terrain had been regularly irrigated in the days before the measurement campaign. 
EXPERIMENTAL MEASUREMENTS
The measurements were carried-out during a summer period in 2015 (from the 27 th of July to the 24 th of August). Figure 4 depicts the hourly profiles of solar irradiance on the horizontal plane (I) and outdoor air temperature (To) as measured from the 28 th of July to the 4 th of August, which is the warmest week during the survey. It was found that the peak of the outdoor temperature is in phase with the peak value of daily irradiation. During the week, the maximum values were respectively I = 746 Wm -2 and To = 39.1 °C. The minimum value for To was 25.74 °C, which occurred at 05:00 a.m.
On the other hand, Figure 5 shows the profile for the outer surface temperature measured both on the prototype of green roof (GR) and on the existing roof (TR). As expected, the green roof allows a strong reduction in the peak outer surface temperature. Indeed, the peak is Tso = 56.3 °C for the existing roof terrace, whereas the max value for the green roof is 28.6 °C, with a gap of 28.7 °C. Moreover, during the survey the surface temperature of the green roof is always lower than the surface temperature of the existing roof terrace. This is mainly due to the impact of vegetation layer, which provides a suitable microclimate and reduces the heat flux by direct radiation.
The minimum values of outdoor surface temperature for both existing and green roof are almost coincident all days of the examined week, with the only exception of the 31 st of
July and the 1 st of August, when a difference of 3 °C at night was recorded.
The analysis of the experimental results also highlights that the green roof significantly reduces the daily swing in the surface temperature. Indeed, the maximum daily variation of the green roof was 5.6 °C, whereas for the existing roof this was 33.2 °C.
In addition, we have calculated the cumulated percentage of time during which the outer surface temperature of the roof is below a certain value. The results are reported in Figure 6 . Here, one can observe that the outer surface temperature is always below 28 °C for the green roof, whereas for the existing roof it has exceeded this threshold for the 40 % of time, and it has reached 54 °C.
MEASUREMENTS VS. SIMULATIONS
The evaluation of the outer surface temperature for the existing roof and the green roof prototype was also performed through dynamic simulations with DesignBuilder. The simulations refer to the same survey period, and use as an input the same weather data registered by the monitoring station. For green roofs, the result refers to the soil surface temperature, which is coherent with the experimental acquisitions.
The results of the simulations confirm the better thermal behavior of the green roof. Moreover, as illustrated by Figure  7 and Figure 8 , the comparison between the experimental measurements and the simulated results is satisfying. Indeed, for the existing roof terrace there occurs an almost perfect coincidence of the trends of outer surface temperature obtained by the simulations and experimental survey ( Figure  7 ). On the other hand, for the green roof some differences occurs, as reported in Figure 8 . In particular, the temperatures calculated through simulations are around 2 -3 °C lower during the night, if compared with those measured. This could be due to an overestimation of the low long-wave radiation exchange with the sky because of low sky temperatures. Moreover, an inaccurate estimation of the evapotranspiration phenomena may encourage the cooling of the green roof surface.
On the contrary, the simulated peak surface temperatures exceed the experimental values by less than 2 °C. Overall, the temperature trend is well represented, as is the response of the roof to fluctuations of the outdoor conditions. T so ( C)
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These results comply with the study of Sailor [40] , who found out that the absolute percentage difference between the measured data and simulated data is within 10 %. 
DYNAMIC THERMAL PROPERTIES
With the aim of analyzing the influence of the green roof on the dynamic thermal behavior of the building, the results of the simulations were used to determine the Time Lag (TL) and the Decrement Factor (DF) of both roof solutions.
To this aim, the hourly profiles of the outer and inner surface temperatures calculated by DesignBuilder in free running conditions during the warmest day (1 st of August) are reported in Figure 9 . The inner temperatures may not be very accurate because of the adiabatic wall assumption made in the simulations.
The existing roof shows a wide fluctuation of its surface temperature: the outer temperature attains its peak value (Tso,max = 54 °C) in phase with the maximum daily value of the solar radiation, that is to say at around 13:00. On the other hand, the inner surface temperature keeps always above Tsi,min = 34.3 °C; the peak inner surface temperature (Tsi,max = 36.2 °C) occurs at 21:00. Thereby, the TL for the traditional roof is about 8 hours, while DF = 0.072.Instead, the green roof shows lower fluctuations of the surface temperature if compared to the existing roof, with a maximum value Tso,max = 29 °C for the outer surface at around 13:00. The inner surface temperature shows a very smooth profile, between a minimum Tsi,min = 25 °C and a maximum Tsi,max = 25.9 °C, which occurs at 23:00. Hence, TL = 10 h and DF = 0.136. The main dynamic parameters obtained by hourly simulations for both roofs are reported in Table 5 .
These results are close to what reported in other studies [24, 31, 32] , where green roofs show peak outer surface temperatures between 32 °C and 39 °C, while the peaks for standard roofs were between 50 °C and 57 °C. However, a controversial message seems to emerge from the results of Table 5 . Indeed, the green roof shows a better TL than the traditional roof, but -on the contrary -the more favorable value of the decrement factor DF pertains to the traditional roof. Anyway, it is undeniable that the soil layer in the green roof raises the surface mass, thus contributing to increase the inertial capacity of the roof.
Here, this ambiguity can be justified as follows. The definition of DF provided in Eq. (2) is intended for comparing the thermal response of two different envelope solutions that are subject to the same outer forcing condition, i.e. to the same fluctuation of the outer surface temperatures. In this case, however, the vegetation layer in the green roof contributes to attenuate the amplitude of the outer surface temperature fluctuation (from 26.3°C to 5.6°C ). Hence, even if the amplitude of the inner surface temperature fluctuation is still higher for the traditional roof (1.9°C) than for the green roof (0.9°C), the DF does not correctly reflect it.
In this case, the authors propose an alternative formulation for the decrement factor, based on the concept of sol-air temperature Tas: 
The sol-air temperature must be calculated through Eq. (4) with reference to a standard solar absorptance, that can be set as high as for the traditional roof (α = 0.6). The outer surface heat transfer coefficient is ho = 25 W m -2 K -1 . 
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The application of Eq. (4) to the weather data registered during the warmest day (1 st of August) provides the following results: Tas,max = 46.8 °C and Tas,min = 28.1 °C. Hence, Eq. (3) returns DFꞌ = 0.101 for the traditional roof and DFꞌ = 0.048 for the green roof. Now, the ratio between the decrement factors is almost exactly 2:1, in favor of the green roof. This result perfectly reflects the ratio of the inner surface temperature fluctuations; consequently, the definition of DF provided by Eq. (3) seems suitable to describe in brief the difference inertial behaviour of the two roof solutions.
CONCLUSIONS
In this study, the thermal behavior of an extensive green roof is investigated through both experimental measurements and dynamic simulations. The aim of the work is to evaluate the reliability and performance of the proposed extensive green roof realized on an existing building in Mediterranean climate. The study also aimed to assess the reliability and sensitivity of the numerical model implemented on a commercial software for dynamic simulations.
The results highlight that the green roof has a good thermal behavior in summer. In fact, the prototype has significantly contributed to reduce the peak outdoor surface temperature from 56.3 °C to 28.6 °C. Moreover, it delays the peak inner surface temperature more than obtained with the existing roof terrace.
The green roof allows controlling the outdoor heat wave better than a standard roof, reducing the daily temperature fluctuations from a value of 33.2 °C (standard roof) to 5.6 °C (green roof). The reduction in the outer surface temperature is mainly due to the effect of vegetation layer, because the foliage realizes a microclimate that is just slightly affected by the action of the direct solar radiation. Indeed, the canopy layer acts like a screen that blocks solar gains and improves the performance of the thermal mass.
Overall, the comparison between experimental data and simulations indicates a good correspondence in terms of outer surface temperature for the existing roof terrace, but a slight discrepancy occurs the green roof. Here, the peak outer surface temperature are overestimated by less than 2 °C, while the minimum temperature at night are underestimated by around 3 °C.
In this sense, further studies are necessary to improve the reliability of the model, so as to allow assessing with higher accuracy the energy performance of green roofs by varying the climatic conditions, the typology of substrate, the drainage and vegetation layer. 
